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ARTICLE INFO ABSTRACT
Keywords: Covalent organic frameworks (COFs) are promising adsorbents for extraction, but their selectivity for molecular
Flexible covalent organic frameworks recognition remains a challenging issue due to the very limited structural design with rigid structure. Herein, we
Molecularly imprinted polymers report an elegant strategy for the design and synthesis of molecularly imprinted flexible COFs (MI-FCOFs) via

Aflatoxins

. . one-pot reaction between the flexible building block of 2,4,6-tris(4-formylphenoxy)— 1,3,5-triazine and linear 4-
Selective extraction

phenylenediamine for selective extraction of aflatoxins. The flexible chain structure enabled the developed MI-
FCOF to adjust the shape and conformation of frameworks to suit the template molecule, giving high selectivity
for aflatoxins recognition. Moreover, MI-FCOF with abundant imprinted sites and function groups exhibited an
exceptional adsorption capacity of 258.4 mg g~! for dummy template which is 3 times that of no-imprinted FCOF
(NI-FCOF). Coupling MI-FCOF based solid-phase extraction with high-performance liquid chromatography gave
low detection limits of 0.003-0.09 ng mL ! and good precision with relative standard deviations < 6.7% for the
determination of aflatoxins. Recoveries for the spiked rice, corn, wheat and peanut samples were in the range of
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85.4%— 105.4%. The high selectivity of the developed MI-FCOF allows matrix-free determination of AFTs in
food samples. This work offers a new way to the design of MI-FCOF for selective molecular recognition.

1. Introduction

Aflatoxins (AFTs), a class of secondary metabolites produced by
Aspergillus flavus and Aspergillus parasiticus under natural conditions,
seriously contaminate corn, rice, wheat and other food crops [16,20].
The difuran ring and coumarin structure make AFTs highly toxic at low
levels to humans and animals [24,27]. Most countries have established
strict limits of AFTs, such as European Union set the maximum
contamination of AFB1 at 2 pg kg™! in rice and peanut food, 4 pg kg~!
for the total amount of AFB1, AFG1, AFG2 and AFB2 [11,36,39].
Therefore, various analytical methods have been developed for the
determination of AFTs, such as liquid chromatography, immunoassay
and biosensing [13,49,5]. However, due to the complex sample matrix
and low concentration of AFTs, a sample pretreatment step is crucial to
improve the accuracy of analytical methods. Currently, solid-phase
extraction (SPE) based on antibody is the most widely used for selec-
tive purification and enrichment of AFTs in sample preparation [14,22,
35]. Nevertheless, it still has unavoidable problems including the com-
plex preparation process, high cost and low stability.

Molecularly imprinted polymers (MIPs) are artificial antibodies with
specific recognition sites to template molecules in size, shape and
functional groups [29,40]. Owing to their good stability and potential
reusability, MIPs own benefits over antibody as excellent SPE adsorbents
in the field of sample pretreatment [3,30,9]. MIPs are mainly fabricated
via bulk polymerization on the basis of the co-polymerization of func-
tional monomer, cross-linker and template molecule [31,32]. However,
such MIPs still suffer from several disadvantages such as complex syn-
thesis process, deeply embedded templates, slow mass transfer and low
adsorption capacity. Moreover, the limited functional monomers and
cross-linking agents also hinder the further development of MIPs.

Covalent organic frameworks (COFs) are a promising type of crys-
talline organic porous polymers constructed from organic building
blocks via covalent bonds [7]. The high specific surface area and open
channel structure endow numerous accessible sites and rapid diffusion
for analytes [23,46]. In addition, the predesigned structure and tunable
functionality of COFs constructed from different building blocks are
favorable for ion conduction, absorption and separation [28,33,44].
Very recently, these unique properties of COFs provide new possibilities
to promote the development of molecularly imprinted COF (MI-COF)
[25,41,45]. For instance, a magnetic MI-COF was synthesized via Schiff
base reaction with 3,5-triformylphoroglucinol (Tp) as cross-linker and
different building blocks as functional monomers for efficient adsorption
of cyanidin-3-O-glucoside [10]. In addition, an imine-linked MI-COF
was fabricated with 1,3,5-tris(4-aminophenyl)benzene and Tp as func-
tional monomers for high selective recognition of cyano pyrethroids in
plant samples [47]. However, these studies on MI-COFs mainly rely on
rigid building blocks, which may not sufficiently take the advantage of
the active sites and functional groups in MI-COFs. Also, the rigid link-
ages further restrict the adjustment of the imprinting cavities in size and
shape, leading to low selectivity.

Flexible COFs (FCOFs) which contain flexible chain segments have
attracted increasing attention owing to the strong spatial freedom in
rotation and distortion [12,18]. Unlike rigid COFs, FCOFs feature
self-adaptive capability to interact with guest molecules, creating
various possibilities for structural transition during COF formation [17].
This feature of FCOFs allows dynamic 3D COFs to undergo different
structural transformations with the adsorption of gas and vapors [34].
Therefore, the incorporation of flexible chain segments into porous
frameworks is expected to be a promising way to fabricate molecularly
imprinted FCOFs (MI-FCOFs) for molecular recognition.

Herein, we report an elegant strategy to integrate molecular

imprinting into FCOFs by tuning linkers and linkages for the selective
extraction of AFTs in food samples. The MI-FCOF was fabricated via one-
pot reaction between 1,4-phenylenediamine (PA), 2,4,6-tris(4-for-
mylphenoxy)— 1,3,5-triazine (TF) and template molecules. TF was
chosen as the flexible building block due to the presence of C—O single
bonds in the backbone with large conformational and rotational
freedom. PA was used as the functional monomer to form strongly hy-
drophobic microenvironment for the adsorption of AFTs. In addition,
formic acid (FA) was employed as the catalyst to produce C-N flexible
linker unit, giving rise to adaptability to guest molecules. After the
removal of template molecules, the imprinting cavities were produced
with complementary to the target molecules in terms of shape and
recognition sites for the specific recognition of template molecules.

2. Experimental section
2.1. Chemicals

TF, 2,6-anthracenediamine (DA), 3,3-dihydroxybenzidine (DHBD)
and 1,3,5-tris-(4-aminophenyl)triazine (TZ) came from Chemsoon Co.,
Ltd (Shanghai, China). PA, 2,5-dimethyl-1,4-phenylenediamine (PA-2),
benzidine (BD), 5,7-dimethoxycoumarin (DMC), 7-acetoxy-4-methyl-
coumarin (AM) and 7-ethoxycoumarin (EM) were from Shanghai
Aladdin Biochemical Technology Co., Ltd (Shanghai, China). The stan-
dard solutions of AFB1, AFB2, AFG1, AFG2, zearalenone (ZEN), deox-
ynivalenol (DON) and ochratoxins A (OTA) were given by Anpel
Laboratory Technologies Co., Ltd (Shanghai, China). Mesitylene, 1,4-
dioxane, o-dichlorobenzene (0o-DCB), n-butyl alcohol (n-BuOH), dime-
thylacetamide (DMAC), ethanol (EtOH), formic acid (FA), acetic acid
(HAc), methanol (MeOH) and tetrahydrofuran (THF) were acquired
from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China). Ultra-
pure water came from Wahaha Foods Co., Ltd (Shanghai, China).

2.2. Apparatus

Powder X-ray diffraction (PXRD) measurements were performed on
a D2 PHASERO instrument with Cu Ko radiation (Bruker, Germany).
Scanning electron microscopy (SEM) images were acquired on SU8100
SEM (Hitachi, Japan). Fourier transform infrared (FT-IR) spectra were
collected on Nicolet 6700 spectrometer (Thermo, USA). UV-vis ab-
sorption spectra were measured on a UV-3600 PLUS spectrophotometer
(Shimadzu, Japan). Ny adsorption-desorption measurement was per-
formed on Autosorb-IQ at 77 K (Quantachrome, USA). X-ray photo-
electron spectroscopy (XPS) experiments were conducted on Thermo
Kalpha (Thermo, USA).

Four AFTs were separated on a C18 column (4.6 mm x 250 mm, 5
um) (Agilent, USA) with an e2695 HPLC (Waters, USA) equipped with a
2475 fluorescence detector (FLD) at the mobile phase (H20/ACN, 45:55
v/v) flow rate of 1 mL min . Other conditions: column temperature,
35 °C; injected sample volume, 10 pL; FLD excitation wavelength, 365
nm; emission wavelength, 440 nm.

2.3. Preparation of MI-FCOF and NI-FCOF

The preparation of the MI-FCOF and NI-FCOF from TF and PA were
described as follows: TF (22.1 mg, 0.05 mmol), PA (8.3 mg, 0.075 mmol)
and DMC (15 mg) were mixed with 0.5 mL mesitylene/1,4-dioxane (1:1
v/v), and sonicated for 5 min. Afterwards, the aqueous solution of for-
mic acid (0.05 mL, 6 M) was slowly added. After 20 min sonication, the
mixture was degassed with three freeze-pump-thaw cycles, and then
reacted at 80 °C for 24 h. The resulting MI-FCOF was collected by
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filtration, washed with tetrahydrofuran, and eluted with MeOH:HAc (v/
v, 9:1) to remove the template until no UV-vis absorbance of DMC at
327 nm was observed. Finally, the MI-FCOF was eluted with MeOH and
dried at 60 °C under vacuum overnight. The NI-FCOF was prepared by
the same process in the absence of DMC. The synthesis of other MI-FCOF
and NI-FCOF based on PA-2, BD, DHBD, DA and TZ were described in
Supplementary Information.

2.4. Adsorption experiments

To determine the adsorption capacity, MI-FCOF or NI-FCOF (1 mg)
was dispersed in DMC (4 mL, pH 6.0) solutions with different initial
concentrations (10-250 mg L’l) and shaken for 1 h at room tempera-
ture. To study the adsorption kinetics, MI-FCOF or NI-FCOF (1 mg) was
added to DMC solution (30 mg L’l, 4 mL, pH 6.0) with different shake
times (0-90 min). Then, the supernatant was collected through a 0.22
um filter membrane for UV-vis absorption measurements. More detailed
procedures are described in Supplementary Information.

2.5. Calculation of imprinting factor

Imprinting factor (IF) was calculated as the ratio of the adsorption
capacity of MI-FCOF to that of NI-FCOF to evaluate imprinting
efficiency.

2.6. Extraction of AFTs in real samples

Rice, corn, wheat and peanut samples were collected from the local
supermarkets (Wuxi, China) and crushed with wall breaker. The samples
(5 g) were thoroughly extracted with 20 mL of ACN/water solution (8:2,
v/v) under ultrasonication for 30 min. Then, the supernatant was
collected via centrifugation at 10000 rpm for 10 min and concentrated
by a nitrogen stream. The residue was redissolved with 0.5 mL of ACN
and the solution was made to 8 mL with ultrapure water for subsequent
extraction. A centrifuge tube (10 mL) was charged with 2 mg of MI-FCOF
and 8 mL of sample solution, and shaken at room temperature for 2 min.
The MI-FCOF was separated from the solution via centrifugation at
10000 rpm and the adsorbed AFTs on MI-FCOF were eluted with 1 mL of
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ACN for 5 min. Finally, the eluent solution was collected through a 0.22
pm filter membrane for HPLC-FLD analysis.

2.7. Reusability test

The reusability of the MI-FCOF was tested using 5 ng mL ™! AFTs
solution with the solid-liquid ratio of 0.25 mg mL ™! at pH 6.0. After one
run of extraction and elution, the MI-FCOF was washed with ACN
several times and dried under vacuum. The resultant material was used
for another extraction experiment. The regenerated MI-FCOF was
recycled six times under the same conditions to evaluate the reusability
of MI-FCOF. PXRD analysis was carried out to check the stability of the
MI-FCOF after regeneration.

3. Results and discussion
3.1. Design and synthesis of MI-FCOF

Rigid building block and linker mode are generally used to construct
COFs to acquire ordered periodic structure and high crystallinity [8].
However, it is quite limited for the selectivity of the resulting rigid COFs
to recognize guest molecules mainly based on the difference of func-
tional groups or size exclusion mechanism. The elasticity and
self-adaptability of flexible chain segments enable FCOFs to tune the
pore shape and cavity environment by the entry of guest molecules.
Thus, we integrated flexible building block and flexible linker into the
design of MI-FCOF (Fig. 1). The flexible building block TF was selected
as a cross-linker as it contains triazine ring backbone and flexible C-O
single bonds. Moreover, the formation of C-N flexible linker unit after
polymerization gave the FCOF more flexibility. Further change of the
topology and functional monomer enabled the synthesis of MI-FCOFs
with adjustable imprinted cavities and binding ability with target
molecules.

MI-FCOF was synthesized through an aldehyde-amine poly-
condensation reaction. Note that FA was used to replace typical HAc as
the catalyst due to FA can reduce the rigid C=N bond into flexible C-N
linker [42]. HAc catalysis gave the prepared MI-COFs a strong FT-IR
peak at 1621 cm™! for the stretching vibration of C=N (Fig. S1). In
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Fig. 1. Schematic diagram for the synthesis of MI-FCOF.
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contrast, FA catalysis rendered the prepared MI-FCOF a strong C-N vi-
bration peak at 1252 cm™}, but weak C=N vibration peak at 1621 cm™
The self-adaptive adjustment of the flexible structure in MI-FCOF pre-
pared with FA as catalyst gave much better imprinting efficiency for the
binding with template molecules than the rigid MI-COF prepared with
HAc as catalyst (Fig. S2). Thus, FA was used as catalyst for further study.

We then examined three analogues of AFTs, including DMC, AM and
EM as the dummy templates to prepare MI-FCOF (Fig. S3). Dummy
template can effectively avoid the occurrence of false positive results [1]
as well as the use of highly toxic and expensive AFT templates. For a
model analyte AFB1, DMC as the dummy template gave the prepared
MI-FCOF higher adsorption capacity than AM and EM (Fig. 2A).
Therefore, we selected DMC as dummy template to prepare MI-FCOF.

We also optimized the topology and the amount of functional group,
solvent, and the amount of DMC for the preparation of MI-FCOFs.
Functional monomers not only interact with template molecules, but
also can be polymerized with cross-linker to form polymer network
structure. Therefore, a series of MI-FCOFs were first prepared by varying
functional groups and topological structures. The functional monomers
of BD and DA gave amorphous MI-FCOFs with low IF values and
adsorption capacity for DMC (Fig. 2B and S4). Obviously, PA gave the
better imprinting effect with high IF value. Meanwhile, the IF value
reached the maximum when the amount of PA was 0.075 mmol, so
0.075 mmol of PA was selected as the optimal amount (Fig. 2C). In
addition, solvent has an important influence on imprinting process as it
can adjust the solubility of building blocks and reaction rate. We found
that the mixture of dioxane and mesitylene as the solvent gave better
imprinting effect (Fig. 2D). In addition, when the amount of DMC
increased to 15 mg, the absorption capacity of MI-COF obviously
increased due to a growing number of imprinting sites (Fig. 2E).
Meanwhile, the PXRD peak of (100) displayed a clear shift when the
amount of DMC reached 15 mg (Fig. S5), indicating the guest-induced
stretching of flexible structure. Thus, 15 mg of DMC was chosen to
prepare MI-FCOF. Moreover, the largest IF value was obtained when the
polymerization time was 24 h (Fig. 2F).

3.2. Characterization of MI-FCOFs and NI-FCOFs

The prepared NI-FCOFs and MI-FCOFs were characterized by PXRD,
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Ny adsorption and SEM experiments. We systematically analyzed the
crystalline structure of MI-FCOF and NI-FCOF by combining experi-
mental PXRD with possible simulated structures. The MI-FCOF gave the
PXRD peaks of (100), (110), (200) and (210) facets at 20 = 2.61°, 4.68°,
5.34° and 7.21°, respectively (Fig. 3A). The MI-FCOF adopted an AA
stacking mode in a P6/M space group with the unit cell parameters of
a=b=39.66A, ¢c=3.514, a=p=90° y=120° and the corre-
sponding Ry, of 4.86% and Ry, of 3.82%. The crystalline structure of the
NI-FCOF was also consistent well with the that of AA-stacking mode
(space group: P6/M; unit cell parameters: a = b=37.33 A, ¢ =3.51 A,
a=p=90° y=120° the corresponding Ry, of 4.43% and R, of
3.55%) (Fig. 3B). However, the NI-FCOF showed an obvious shift of the
(100) facet toward a larger angle 26 = 2.72° in comparison with the MI-
FCOF at 20 = 2.61° (Fig. 3C). In addition, the MI-FCOF gave larger in-
plane unit cell parameters of 2.33 A at a and b than the NI-FCOF. This
phenomenon may be attributed to the shrinkage of the flexible structure
of the NI-FCOF without template molecules, leading to a small pore size.

The porous structures of the MI-FCOF and NI-FCOF were further
investigated by N, adsorption-desorption experiments. The MI-FCOF
and NI-FCOF offered Brunauer-Emmett-Teller (BET) surface areas of
1259 and 1100 m? g'l, respectively (Fig. 3D). In addition, the Nj
adsorption-desorption isotherms of MI-FCOF and NI-FCOF displayed
hysteresis on desorption, indicating the presence of the flexible frame-
work of MI-FCOF and NI-FCOF [43,48]. The pore size distributions of
MI-FCOF and NI-FCOF based on nonlocal density functional theory
(NLDFT) were centered at around 3.3 and 2.1 nm, respectively (Fig. S6).
Compared with the NI-FCOF, the MI-FCOF gave a relatively larger BET
surface area and pore size due to the twisting and stretching of the chain
segment in space with the introduction of template molecules. More-
over, the SEM images show the uniform spheres-like morphology for the
NI-FCOF and MI-FCOF (Figs. 3E and 3F). The MI-FCOF still kept its
crystal structure after soaking in different solvents including 0.1 M HCI,
MeOH, HAc and THF for 24 h, indicating the good stability of the
MI-FCOF (Fig. S7).

3.3. Adsorption performance of MI-FCOF

We take the dummy template DMC as a model to reveal the
adsorption performance of MI-FCOF for AFTs owing to the high toxicity

A 2 B 2 C 120 2
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Fig. 2. Effects on the adsorption capacity and the IF value of the prepared MI-FCOF: (A) dummy template; (B) functional monomer; (C) amount of PA; (D) type of
solvent; (E) amount of DMC; (F) polymerization time. Other conditions: 4 mL of 30 mg L™* DMC solution at pH 6.0; 1 mg MI-FCOF or NI-FCOF.
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FCOF and NI-FCOF. (D) N sorption isotherms of MI-FCOF and NI-FCOF. SEM images: (E) NI-FCOF; (F) MI-FCOF.

of AFTs. The adsorption kinetics was tested with 1 mg MI-FCOF or NI-
FCOF in the solution of 30 mg L™* DMC (4 mL, pH 6.0). Obviously,
the adsorption on MI-FCOF reached equilibrium within 3 min (Fig. 4 A),
suggesting a fast adsorption due to the large surface area and imprinted
sites of the MI-FCOF. In contrast, a much longer time of 20 min was
needed to reach adsorption equilibrium for NI-FCOF. The adsorption
kinetics of MI-FCOF and NI-FCOF was fitted well with the pseudo-
second-order model, with R% of 1 and 0.9995, respectively (Fig. 4B
and S8A, Table S1) [37].

The adsorption isotherms of MI-FCOF and NI-FCOF were evaluated
with different initial concentrations of DMC. The adsorption capacity of
MI-FCOF increased rapidly with the initial concentration of DMC from
10 to 120 mg L™}, while that of the NI-FCOF changed slowly and
reached equilibrium at 50 mg mL~! (Fig. 4 C). The adsorption of MI-
FCOF was fitted better to the Langmuir model (Fig. 4D and S8B,
Table S2). Furthermore, the maximum adsorption capacity of DMC on
MI-FCOF calculated by the Langmuir model was 258.4 mg g1, which
was 3 times that of NI-FCOF (86.8 mg g™ 1).

Adsorption selectivity was further tested to evaluate the performance
of MI-FCOF. MI-FCOF exhibited larger adsorption capacity toward AFTs
than other mycotoxins (Fig. 4 F). The low adsorption capacities for ZEN,
DON and OTA resulted from the different chemical structures of these
three mycotoxins and DMC template molecule (Figs. S3 and 4E). The
selectivity factor was defined as the ratio of the adsorption capacity of
AFB1 to other mycotoxins. The selectivity factors for AFB1 toward ZEN,
DON and OTA were 2.2, 3.6 and 9.2, respectively. The binding energies
calculated based on Material Studio software show that MI-FCOF gave
the strongest interaction with AFTs (Fig. S9), agreeing with the experi-
mental results. The abovementioned results indicate that the developed
MI-FCOF gave high selectivity for the recognition of AFTs.

3.4. Adsorption mechanism

The developed MI-FCOF possessed abundant imprinted sites, func-
tional groups and high hydrophobicity for favorable adsorption of AFTs.
The introduced flexible units into MI-FCOF generated the imprinted
cavity for the selective recognition of AFTs. Meanwhile, the abundant
benzene rings, hydrogen bond donor and acceptor in the MI-FCOF gave
potential n—x, hydrophobic and hydrogen bond interactions with AFTs.
In addition, the high surface area and larger pore size of the MI-FCOF
were conducive to the diffusion and adsorption of target analysts. Tak-
ing AFB1 as a model analyte, we utilized FT-IR and XPS to study the
interactions between AFTs and MI-FCOF. After the adsorption of AFB1,
the FT-IR peak for aromatic ring stretching shifted from 1567.3 and
1504.5 cm™! to 1565.3 and 1503 cm ™, respectively (Fig. S10), indi-
cating the hydrophobic reaction and = — = interaction between MI-FCOF
and AFB1 [16,38]. Meanwhile, the characteristic XPS peaks of C 1 s for
C-C/C=C and C-N slightly shifted from 283.9 and 258.1 eV to 283.7 and
284.9 eV (Fig. S11), respectively, due to the = — n interaction in the
adsorption process [15,2,21]. Moreover, the XPS peak of N 1 s at 399.5,
398.6 and 397.9 eV shifted to 399.1, 398.4 and 397.8 eV, respectively
(Fig. S12), due to the hydrogen bonding between MI-FCOF and AFB1 [4,
6].

3.5. Optimization of extraction conditions

The potential parameters for SPE, such as extraction time, amount of
MI-FCOF, sample pH, desorption solvent, eluent volume and eluent time
were optimized with 5 ng mL™! AFTs. The peak area of AFTs increased
with the amount of MI-FCOF up to 2 mg, then levelled off with a further
increase of the amount of MI-FCOF (Fig. 5A). Hence, 2 mg of MI-FCOF
was used in subsequent experiments. In addition, the peak area of
AFTs exhibited no significant change in an extraction time range of
2-20 min (Fig. 5B), so 2 min was used as extraction time. With the
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and NI-FCOF. (C) Adsorption isotherms of MI-FCOF and NI-FCOF (1 mg) for 10-250 mg L~! DMC solutions (4 mL, pH 6.0). (D) Langmuir isotherm of MI-FCOF and
NI-FCOF. (E) Chemical structure of AFB1, AFB2, AFG1, AFG2, ZEN, DON and OTA. (F) Adsorption selectivity of MI-FCOF and NI-FCOF (1 mg) for the adsorption of
1 mg L™! mycotoxins (4 mL, pH 6.0). All experiments were performed at room temperature.

increase of pH from 3 to 7, the peak area of AFTs did not show obvious
change (Fig. 5C). As pH further increased, the peak area of AFTs
decreased due to the decomposition of the ester ring of AFTs under
alkaline condition [16]. Among the studied solvents for desorption,
1 mL of ACN gave the best elution efficiency toward AFTs (Figs. 5D and
5E). The peak area gradually increased with the increase of eluent time
up to 5 min, then levelled off (Fig. 5F), so 5 min was used to ensure the
complete elution of AFTs.

3.6. Validation of analytical method

The analytical performance of the developed MI-FCOF based SPE in
combination with HPLC-FLD for the determination of AFTs was evalu-
ated by testing the standard solution of AFTs. The developed method
showed a wide linear range from 0.01 (AFB2) or 0.02 (AFG2) or 0.2
(AFB1) or 0.3 (AFG1) to 200 ng mL ™! with the determination coefficient

(R?) > 0.9995 (Table 1). The limits of quantification (LOQs, S/N = 10)
and limits of detection (LODs, S/N = 3) were in the range of 0.01
(AFB2)-0.3 ng mL~! (AFG1) and 0.003 (AFB2)-0.09 ng mL~! (AFG1),
respectively. The relative standard deviations (RSDs, n = 6) for the
determination of 5ng mL~! AFTs were 1.5-3.9% (intraday) and
2.9-6.7% (interday). Six repeated extraction-elution cycles on MI-FCOF
led to no obvious change in the peak area of AFTs (Fig. S13A) as well as
the crystalline structure of MI-FCOF (Fig. S13B), indicating the good
reusability for the developed MI-FCOF based SPE method. Competitive
extraction experiments were performed with AFTs and three other
competing mycotoxins. The extraction efficiency of MI-FCOF and MI-
COF for AFTs was > 90.1% and > 70.1%, respectively (Fig. S14), indi-
cating the high selectivity and anti-interference ability of MI-FCOF.
Compared with previous methods based on other adsorbents, the
developed MI-FCOF based SPE method gave lower LODs and wider
detection range (Table S3).
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Fig. 5. Optimization of extraction conditions: (A) amount of MI-FCOF (AFTs concentration, 5 ng mL ! at pH 6.0; extraction time, 2 min); (B) extraction time
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5 min elution (A-C), while 2 mg of MI-FCOF was used for the extraction of 5 ng mL~! AFT solution (pH 6.0) for 2 min (D-F).

Table 1

Analytical performance of the developed SPE method based on MI-FCOF.

4. Conclusion

In conclusion, we have reported an elegant strategy to integrate

Analyte  Linear R? LODs LOQs RSD (%) molecular imprinting into FCOFs by tuning linkers and linkages. Intro-
Eigge f;lffl) 1(-:5*1) Intraday Interday ducing flexible chain segment to COFs allows MI-FCOF to adapt to
mL (n=6) (n=6) template molecules by regulating molecular conformation for the se-
FGa 000, 0999 0,006 002 s Y lective recognition 9f AFTs. Taking thet advantage of porous channels
200 and abundant imprinted sites, the fabricated MI-FCOF exhibited large
AFG1 0.3-200  0.9999  0.09 0.3 3.4 6.7 adsorption capacity and fast adsorption kinetics. The use of the prepared
AFB2 0.01- 0.9996  0.003 0.01 3.6 5.2 MI-FCOF as SPE absorbent allows selective extraction and sensitive
200 determination of AFTs in food samples without matrix effect. The un-
AFB1 0.2-200  0.9995  0.06 0.2 3.9 5.8

3.7. Analysis of real samples

The developed MI-FCOF based SPE in combination with HPLC-FLD
was applied to the analysis of rice, corn, wheat and peanut samples
for AFTs. Calibration functions (curves) were obtained by using simple
standard solution and the standard additions method to check matrix
effect (ME). The value of matrix effect is determined as the ratio of
sensitivity in sample matrix to that in standard solution. The ME values
in the range of 0.8-1.2 are generally considered negligible matrix effect
[19,26]. In this work, the ME values of MI-FCOF in rice, corn, wheat and
peanut samples ranged from 0.9297 to 1.005 for AFTs (Fig. S15;
Table §4-S7), indicating negligible matrix effect due to the excellent
selectivity of the developed MI-FCOF. Therefore, a simple standard
calibration was used for the quantification of AFTs in real samples. As
shown in Table 2, only AFB2 in rice 2 and wheat 2 samples were found to
be 0.027 and 0.017 pg kg™, respectively, but below the limits set by
European Union. To further evaluate the accuracy of the developed
method, different concentrations of AFTs (2, 5 and 10 pg kg™1) were
spiked into food samples. The recoveries were acceptable in the range of
85.4-105.9%, indicating that the developed method gave a good accu-
racy for the determination of AFTs in food samples.

expected flexibility of MI-FCOF paves a way to selective adsorption and
further broadens the application of COFs as functional materials.

Environmental implication

Aflatoxins are highly toxic metabolites of Aspergillus flavus and
Aspergillus parasiticus and pose seriously contaminate environment and
agricultural products. Aflatoxins potentially threat human health
through the food chain, such as teratogenic, nephrotoxic and carcino-
genic. Development of an efficient detection method to monitor afla-
toxins is very important to ensure environmental and food safety, but the
complex sample matrix seriously affects the detection sensitivity and
accuracy. Herein, we report an elegant strategy for the integrating mo-
lecular imprinting into flexible covalent organic frameworks to selective
recognition and efficient extraction of aflatoxins, providing a promising
method to matrix-free determination of aflatoxins in food samples.
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Table 2

Analytical results (mean + SD, n = 5) for the determination of AFTs in food samples.

Journal of Hazardous Materials 467 (2024) 133755

Samples AFTs Found 2 pg kg ! spiked 5 ug kg ! spiked 10 pg kg ! spiked
-1
(g kg ) Found Recovery (%) Found (pg kg™1) Recovery (%) Found Recovery
(hg kg™ (ig kg™ )
Rice 1 AFG2 ND? 1.93 +£0.01 96.7 £ 0.3 4.21 £0.11 86.7 £ 2.1 9.05 + 0.69 90.5 £ 6.9
AFG1 ND? 1.90 +0.10 95.1 £5.1 4.86 £ 0.24 99.2 +4.8 9.33 £ 0.66 93.2 £ 6.6
AFB2 <LOQ 1.89 + 0.01 94.5+ 0.5 4.21 £ 0.25 89.9+ 49 8.81 +£0.89 88.1 + 89
AFB1 ND* 1.99 +£0.11 99.4 £5.6 4.45 £+ 0.22 95.5 £ 4.3 8.84 £ 0.11 88.4 +1.1
Rice 2 AFG2 ND? 1.71 + 0.04 85.4 +£2.1 4.28 +£0.31 85.6 £ 6.1 8.78 £0.84 87.8 £ 8.4
AFG1 ND? 1.73 £ 0.19 86.5+9.3 4.78 £ 0.17 95.5+ 3.3 9.63 £ 0.83 96.3 + 8.3
AFB2 0.027 + 0.001 1.72 £ 0.05 85.9 £4.3 4.58 + 0.36 91.4+£7.2 9.43 +£0.83 94.3 +£8.3
AFB1 ND? 1.98 +0.07 98.9 + 3.5 4.35+£0.12 86.9 £2.5 9.49 £ 0.57 94.9 £5.7
Corn 1 AFG2 ND? 1.95 + 0.04 97.3+1.8 4.39 £0.39 879+77 9.04 £0.57 90.4 £5.7
AFG1 ND? 212 +£0.12 105.9 £ 6.1 4.78 £ 0.23 95.5+ 4.5 9.17 £ 0.47 91.7 £ 4.7
AFB2 ND* 1.79 £ 0.13 89.9 £ 6.4 5.11 £0.23 102.2 £ 4.6 9.04 £ 0.07 90.4 £ 0.7
AFB1 ND? 1.84 £0.13 92.2+6.4 4.75 £0.19 949 + 3.8 8.81 £0.35 88.1 £3.5
Corn 2 AFG2 ND? 1.97 £ 0.01 98.6 + 0.4 4.49 + 0.34 89.8 +6.8 9.04 £ 0.57 90.4 +5.7
AFG1 ND* 2.01 £0.17 100.1 £ 8.6 4.73 £0.21 94.6 £ 4.2 9.14 £ 0.51 91.4 £5.1
AFB2 ND? 1.81 +£0.13 90.7 £ 6.4 5.13 £0.28 102.7 £5.5 9.23 £0.35 92.3 £3.5
AFB1 ND? 2.02 +£0.11 101.2 +£5.4 4.71 £0.32 941 +6.4 9.01 +£0.31 90.1 £3.1
Wheat 1 AFG2 ND? 1.75 + 0.03 87.3+1.4 4.28 +£0.39 85.5+79 8.54 £ 0.26 85.4+ 26
AFG1 ND?* 1.96 + 0.05 97.9 £0.2 4.31 £0.35 86.2+7.1 8.91 £0.14 89.1 £1.4
AFB2 ND? 1.73 +£0.15 86.7 £ 0.1 4.63 £ 0.45 92.6 £9.1 8.77 £ 0.01 87.8 £0.1
AFB1 ND? 1.77 £ 0.17 88.3 + 8.6 4.31 £0.19 86.1 + 3.9 9.05 £+ 0.16 90.5+1.6
Wheat 2 AFG2 ND?* 1.92 +0.03 96.1 £1.6 4.46 £+ 0.38 89.3+7.6 8.64 £ 0.56 86.4 £ 5.6
AFG1 ND? 1.92 +£0.11 95.9 £ 5.5 4.42 £ 0.45 88.4 +£ 8.9 8.72 £ 0.27 87.2+27
AFB2 0.017 £ 0.001 1.81 + 0.08 90.3 + 3.9 4.79 £ 0.39 959+79 8.65 + 0.27 86.5 + 2.7
AFB1 ND? 2.03 £0.11 101.5 £5.3 4.59 £+ 0.34 91.8 £6.7 8.55 £ 0.43 85.5 + 4.3
Peanut 1 AFG2 ND* 1.73 £ 0.03 86.6 £ 1.7 4.29 £ 0.21 85.7 £ 4.2 10.05 £+ 0.07 100.5 £ 0.7
AFG1 ND? 1.85 +0.05 92.4+£0.2 4.33 £0.37 86.7 £ 7.4 9.83 £ 0.39 98.3 £3.9
AFB2 ND? 1.78 £ 0.06 88.8 £2.9 4.91 £+ 0.29 98.1 £5.8 10.13 £+ 0.06 101.3 £ 0.6
AFB1 ND* 1.83 +£0.11 91.3+£5.2 4.57 £0.19 91.4 + 3.7 10.54 £+ 0.25 105.4 £ 2.5
Peanut 2 AFG2 ND? 1.96 + 0.02 98.1 £ 0.9 4.03 £0.17 86.1 + 3.3 9.09 £ 0.15 90.9 £ 1.5
AFG1 ND? 1.73 £ 0.04 86.7 £ 1.8 4.47 £ 0.29 89.4 £5.9 9.43 £ 0.26 94.3 £ 2.6
AFB2 ND* 1.95 +0.12 97.3+6.2 491 £0.15 95.1 +£2.9 9.39 £ 0.15 939 +1.5
AFB1 ND? 1.79 £ 0.09 89.3 +4.4 4.62 £0.12 92.4+2.4 9.91 £ 0.16 99.1 £ 1.6

ND: not detected.
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